1. Introduction
===============

The genus *Hedychium* Koenig is a member of the Zingiberaceae family and consists of about 80 perennial herbaceous species characterized by showy and scented flowers. They are generally used as ornamentals, but they are also used for their industrial (paper manufacture and perfumery) or medicinal properties \[[@B1-molecules-18-04308],[@B2-molecules-18-04308],[@B3-molecules-18-04308]\] Hedychiums have been reported to possess antibacterial, antifungal, and insecticidal activities \[[@B4-molecules-18-04308],[@B5-molecules-18-04308]\].

Strawberry anthracnose, caused by the plant pathogens *Colletotrichum* species is one of the most important diseases affecting strawberries worldwide \[[@B6-molecules-18-04308]\]. *Colletotrichum fragariae* Brooks is most often associated with anthracnose crown rot of strawberries grown in hot, humid areas such as the southeastern United States \[[@B7-molecules-18-04308]\].

The azalea lace bug \[*Stephanitis pyrioides* (Scott)\] is a major leaf pest of azalea plants in nurseries and landscapes. Foliar injury to host tissue by this insect is mostly cosmetic and appears as black ovipositional scabs, leaf stippling and leaf chlorosis. However, if there is no early control for lace bug feeding in the landscape, leaf chlorosis induced by the bug's incessant feeding can progress to necrosis and eventually defoliation and plant death. Azalea lace bugs are difficult to control, as adult females protect each egg by laying them underneath the leaf and sheltering them with a hard fecal dome. Such egg-laying behaviors will minimize an azalea's exposure to natural enemies, and water-soluble insecticides as well \[[@B8-molecules-18-04308],[@B9-molecules-18-04308]\]. Yellow fever mosquitoes, *Aedes aegypti* L., can transmit pathogens that cause dengue, dengue hemorrhagic fever, yellow fever, and filariasis. This complex of mosquito-borne diseases is second only to malaria in morbidity and mortality on a global scale. Screening of repellents against *Ae. aegypti* is conducted worldwide because this mosquito is globally distributed, and females are anthropophilic (as well as zoophilic), but easily repulsed by odiferous repellents \[[@B10-molecules-18-04308]\]. Red imported fire ants (*Solenopsis invicta* Buren) are a serious pest to humans, wildlife, and crops and cost the US economy over \$6 billion annually \[[@B11-molecules-18-04308]\].

Controlling the fungi and insects mentioned above is usually accomplished using traditional fungicides and insecticides, respectively, which could contribute greatly to health, ground water, and environmental problems. Thus, we seek natural botanical fungicides and insecticides that are formulated as flowable emulsions and readily kill or repel insects or pathogens outright, yet are safe for routine use \[[@B12-molecules-18-04308],[@B13-molecules-18-04308]\]. Therefore, 19 different *Hedychium* essential oils were characterized by GC and GC-MS and evaluated for their antifungal and insecticidal potency against *C. acutatum*, *C. fragariae*, *C. gloeosporioides* and three insects, namely the azelaea lace bug (*S. pyrioides*), the yellow fever mosquito (*Ae. aegypti*), and the red imported fire ant (*So. invicta*).

2. Results and Discussion
=========================

2.1. Essential oil Chemical Composition
---------------------------------------

Nineteen *Hedychium* essential oils were analyzed by GC and GC-MS using a polar column and constituents were compared to known compounds using the in-house Baser Library and MS literature data. Eighty-seven compounds were identified from *Hedychium* oils which constituted 88.6% to 99.0% of the total oil. Identified compounds in *Hedychium* oils with their relative percentages are listed in [Table 1](#molecules-18-04308-t001){ref-type="table"}. The majority of essential components in *Hedychium* oils were found in the monoterpene constituents where the most prominent compounds were 1,8-cineole (0.1%--42%), linalool (\<0.1%--56%), α-pinene (3%--17%), β-pinene (4%--31%) followed by sesquiterpene constituents such as (*E*)-nerolidol (0.1%--20%). The compound 1,8-cineole was, by far, the most ubiquitous constituent of the oils as it was found in 16 out of the 19 *Hedychium* genotypes, and in 13 of those genotypes, 1,8-cineole was the dominant constituent ([Table 1](#molecules-18-04308-t001){ref-type="table"}). Essential oils from several *Hedychium* species, such as *Hedychium coronarium*, *H. acuminatum*, *H. gardnerianum*, and *H. spicatum* have been investigated \[[@B14-molecules-18-04308],[@B15-molecules-18-04308],[@B16-molecules-18-04308],[@B17-molecules-18-04308]\]. Additionally, among the genotypes included in our study were *Hedychium coccineum*, *H. flavescens* and *H*. *flavum* whose essential oils have been studied phytochemically \[[@B18-molecules-18-04308],[@B19-molecules-18-04308]\]. The major essential oil components of *Hedychium coccineum* grown in Mauritius were (*E*)-nerolidol (44.4%) and *trans*-sesquisabinene hydrate (24.2%) \[[@B19-molecules-18-04308]\]. However, *H. coccineum* oil in our study was dominated by linalool (27%) and α-pinene (14%). Moellenbeck *et al.* \[[@B18-molecules-18-04308]\] reported that the major components in *H. flavum* essential oils were β-pinene (50%) and β-caryophyllene (27%). In contrast, the major constituents found in *H. flavum* essential oils in our study were 1,8-cineole (28.3%) and α-pinene (12.1%). It is worth noting that Moellenbeck *et al.* \[[@B18-molecules-18-04308]\] reported using "aerial parts" of *H. flavum* for essential oil extraction, but it is not known whether these "aerial parts" were leaves or pseudostems or both. In our study, the essential oils investigated were from rhizomes. *H. flavescens* oil was characterized by the major compounds linalool (35%), β-pinene (27%), 1,8-cineole (13%) and these amounts are in agreement with previous studies \[[@B19-molecules-18-04308]\].

molecules-18-04308-t001_Table 1

###### 

Chemical composition of essential oils from different *Hedychium* species and cultivars.

                                                                                        *Hedychium* source of compounds (1--19)                                                                                                                                 
  ---------------------------- -------------------------------------------------------- ----------------------------------------- ------ ------ ------ ------ ------ ------ ------ ------ ------ ------ ------ ------ ------ ------ ------ ------ ------ ------ -----
  RRI                          Compound                                                 1                                         2      3      4      5      6      7      8      9      10     11     12     13     14     15     16     17     18     19     IM
  \%                           \%                                                       \%                                        \%     \%     \%     \%     \%     \%     \%     \%     \%     \%     \%     \%     \%     \%     \%     \%                   
  1032                         α-Pinene                                                 2.8                                       11     3.3    6.5    8.9    16.4   9.8    5.3    12.1   9.9    13.6   8.3    16.7   3.6    13.5   9.8    14.3   9.8    4.4    a,b
  1035                         α-Thujene                                                0.1                                       0.4    0.4    0.4    0.4    0.5    0.5    0.2    0.5    0.1    0.5    0.5    0.5    0.1    \-     0.6    0.4    0.3    0.4    a
  1076                         Camphene                                                 0.6                                       0.8    0.7    1.2    0.6    0.7    0.7    0.5    0.7    0.5    0.9    0.2    3.8    0.2    2.3    1.2    1.1    0.4    1.3    a,b
  1093                         Hexanal                                                  0.1                                       0.2    \-     \-     \-     0.1    \-     0.2    \-     0.1    0.1    \-     \-     \-     \-     \-     0.1    \-     \-     a
  1118                         β-Pinene                                                 3.7                                       23.9   9.4    16.3   27.9   25.4   17.1   7.9    23.7   31.3   8.3    8.7    13.7   14     7.5    30.5   11.8   26.7   7.3    a,b
  1132                         Sabinene                                                 0.3                                       0.6    4.4    0.3    0.2    0.3    0.2    0.1    0.2    0.2    0.8    0.6    0.3    0.2    \-     0.3    0.3    0.1    \-     a,b
  1159                         δ-3-Carene                                               0.2                                       0.2    \-     0.6    \-     \-     0.2    1.1    0.3    0.2    0.5    0.9    0.3    tr     \-     \-     0.3    \-     \-     a
  1174                         Myrcene                                                  0.4                                       0.5    0.3    0.8    0.2    0.6    0.4    1.1    0.5    0.6    0.9    1.2    0.9    0.3    \-     0.4    0.6    0.3    0.3    a,b
  1176                         α-Phellandrene                                           \-                                        \-     \-     0.5    \-     \-     \-     1.1    0.2    0.2    0.6    0.4    0.3    0.2    \-     \-     0.2    0.1    0.3    a,b
  1188                         α-Terpinene                                              \-                                        \-     \-     \-     \-     \-     \-     \-     0.1    0.1    0.1    \-     \-     0.5    \-     \-     \-     \-     \-     a,b
  1203                         Limonene                                                 1.9                                       2.8    1.6    3.3    2.4    1.5    2.6    2.6    3.1    3      2.6    3.4    \-     0.9    1.1    2.8    3      1.8    1.9    a,b
  1213                         1,8-Cineole                                              39.4                                      27.4   22.1   30.1   38.7   5.5    42     26.7   28.3   39.3   17     38     25.5   10.1   0.1    34     24.8   12.9   39.1   a,b
  1255                         γ-Terpinene                                              \-                                        \-     \-     0.1    \-     0.7    \-     0.1    0.5    0.3    1.6    \-     0.5    3.4    \-     0.1    0.7    0.5    0.3    a,b
  1280                         *p*-Cymene                                               1.9                                       3.4    5      4      1.1    5.7    3.1    6.3    3.7    1.5    8.9    7.3    5.2    1.4    0.5    1.9    4.7    3      1.9    a,b
  1290                         Terpinolene                                              \-                                        \-     \-     0.1    \-     0.1    \-     0.2    0.2    0.1    0.2    \-     0.1    0.3    \-     \-     0.1    0.1    0.2    a,b
  1398                         2-Nonanone                                               \-                                        0.5    \-     0.1    \-     \-     \-     \-     0.4    \-     \-     \-     \-     \-     \-     \-     \-     0.1    \-     a
  1450                         *trans*-Linalool oxide                                   tr                                        0.1    \-     \-     \-     0.1    \-     \-     0.1    \-     tr     \-     \-     0.1    1.8    \-     0.1    0.1    \-     a
  (*Furanoid*)                                                                                                                                                                                                                                                  
  1478                         *cis*-Linalool oxide                                     0.1                                       0.1    \-     \-     \-     0.2    \-     \-     0.1    \-     0.1    \-     \-     0.1    2      \-     0.1    0.1    \-     a
  (*Furanoid*)                                                                                                                                                                                                                                                  
  1499                         α-Campholene aldehyde                                    \-                                        \-     \-     \-     \-     \-     \-     \-     0.1    tr     \-     \-     \-     \-     0.4    \-     tr     tr     0.2    a
  1532                         Camphor                                                  0.1                                       0.1    0.2    0.2    0.1    tr     0.1    \-     \-     tr     0.1    \-     0.9    \-     0.2    \-     0.1    tr     0.3    a,b
  1553                         Linalool                                                 11.9                                      8.8    0.1    0.2    tr     23.8   0.4    0.4    8.9    0.8    19.8   0.7    1      56     26.7   0.1    24.2   35     2.2    a,b
  1568                         *trans*-α-Bergometene                                    \-                                        \-     0.4    0.5    \-     0.1    \-     \-     \-     \-     0.2    \-     \-     \-     \-     0.5    0.1    \-     \-     a
  1571                         *trans-p*-Menth-2-en-1-ol                                \-                                        \-     \-     \-     tr     tr     0.1    \-     \-     0.1    \-     \-     0.1    \-     \-     \-     \-     0.1    \-     a
  1586                         Pinocarvone                                              \-                                        0.5    0.2    0.1    1.1    0.1    0.4    \-     0.2    0.2    \-     \-     \-     \-     0.5    0.1    \-     0.1    \-     a,b
  1591                         Fenchyl alcohol                                          \-                                        \-     \-     \-     \-     \-     \-     \-     \-     \-     \-     \-     \-     \-     \-     \-     \-     \-     0.3    a
  1591                         Bornyl acetate                                           0.3                                       \-     \-     0.1    \-     0.2    \-     0.8    \-     \-     \-     \-     \-     \-     8.4    0.1    \-     \-     \-     a,b
  1601                         Nopinone                                                 \-                                        0.2    \-     \-     0.2    \-     \-     \-     \-     \-     \-     \-     \-     \-     \-     \-     \-     \-     \-     a
  1611                         Terpinen-4-ol                                            2.6                                       2.1    7.7    1.5    1.1    2.5    2      0.7    1.5    2.8    1.6    6.1    2.5    2.1    0.1    4.1    1.8    2      4.9    a,b
  1612                         β-Caryophyllene                                          1.6                                       1.2    0.6    5.3    0.2    \-     1.5    4      3.1    0.1    1.6    6.3    0.7    \-     \-     0.2    2.2    0.2    1.2    a,b
  1638                         *cis-p*-Menth-2-en-1-ol                                  \-                                        \-     0.2    0.1    \-     \-     \-     \-     \-     0.1    \-     \-     \-     \-     \-     \-     \-     \-     \-     a
  1648                         Myrtenal                                                 \-                                        0.3    0.3    0.1    0.7    0.1    0.3    \-     0.1    0.2    \-     \-     \-     \-     0.7    0.2    0.1    \-     tr     a
  1661                         Alloaromadendrene                                        \-                                        \-     \-     \-     \-     1.2    \-     \-     \-     \-     0.2    \-     0.8    \-     \-     \-     \-     \-     \-     a
  1670                         *trans*-Pinocarveol                                      \-                                        0.5    0.7    0.2    1.1    \-     0.4    0.1    0.2    0.1    \-     0.1    \-     \-     1.5    0.3    0.1    0.2    0.4    a,b
  1682                         δ-Terpineol                                              0.3                                       0.1    \-     0.2    0.3    \-     0.2    0.1    0.1    0.3    0.3    0.2    0.2    \-     \-     0.2    0.1    0.2    0.3    a
  1683                         *trans*-Verbenol                                         \-                                        \-     \-     \-     0.3    \-     \-     \-     \-     \-     \-     \-     \-     \-     0.9    \-     \-     \-     \-     a,b
  1687                         α-Humulene                                               0.3                                       0.5    0.3    0.5    0.3    tr     0.4    17.6   0.7    0.1    0.1    0.8    0.2    \-     \-     0.1    0.2    \-     0.2    a,b
  1706                         α-Terpineol                                              1.7                                       3.8    1.1    1.6    1.9    1.4    5      1      4.6    4.8    1.2    1.3    6.6    1.1    0.6    5.9    1.3    2.2    5.6    a,b
  1709                         α-Terpinyl acetate                                       \-                                        \-     \-     \-     \-     \-     3      \-     \-     \-     \-     0.8    \-     \-     \-     \-     \-     \-     \-     a,b
  1719                         Borneol                                                  2.6                                       1.4    1.5    2.6    1      0.8    \-     0.1    1.2    0.8    2.2    \-     4.5    0.3    1      2.4    2      0.4    5.3    a,b
  1725                         Verbenone                                                \-                                        \-     0.1    \-     tr     \-     tr     \-     \-     \-     \-     \-     \-     \-     0.5    \-     \-     \-     \-     a
  1729                         *cis*-1,2-Epoxy-terpin-4-ol                              0.1                                       \-     \-     \-     0.2    0.2    0.1    \-     \-     \-     \-     \-     \-     \-     \-     0.1    \-     \-     \-     a
  1740                         Geranial                                                 0.1                                       \-     0.2    0.3    \-     \-     \-     \-     \-     \-     \-     \-     \-     \-     \-     \-     \-     \-     \-     a
  1740                         α-Muurolene                                              \-                                        \-     \-     \-     \-     \-     \-     \-     \-     \-     0.2    \-     \-     \-     \-     \-     \-     \-     \-     a
  1741                         β-Bisabolene                                             \-                                        0.1    \-     \-     0.2    0.2    \-     \-     \-     \-     \-     \-     \-     \-     \-     0.1    \-     \-     \-     a,b
  1750                         *cis*-Linalool oxide                                     \-                                        \-     \-     \-     \-     \-     \-     \-     \-     \-     \-     \-     \-     \-     0.3    \-     \-     \-     \-     a
  (*Pyranoid*)                                                                                                                                                                                                                                                  
  1755                         β-Curcumene                                              \-                                        \-     \-     \-     \-     \-     \-     \-     0.2    \-     0.8    \-     \-     \-     \-     \-     0.2    \-     \-     a
  1770                         *trans*-Linalool oxide                                                                             \-     \-     \-     \-     \-     \-     \-     \-     \-     \-     \-     \-     \-     0.2    \-     \-     \-     \-     a
  (*Pyranoid*)                                                                                                                                                                                                                                                  
  1772                         Citronellol                                              0.5                                       \-     0.1    0.7    \-     0.2    \-     \-     \-     \-     \-     0.3    \-     \-     \-     \-     \-     \-     0.2    a,b
  1773                         δ-Cadinene                                               \-                                        \-     \-     \-     \-     0.3    \-     \-     0.2    \-     0.8    \-     0.2    \-     \-     \-     0.1    tr     0.2    a
  1776                         γ-Cadinene                                               \-                                        \-     \-     \-     \-     0.1    \-     \-     0.1    \-     0.2    \-     0.1    \-     \-     \-     tr     \-     0.2    a
  1786                         *ar*-Curcumene                                           0.8                                       2.5    0.1    0.1    \-     \-     0.1    0.1    1.4    \-     4.2    1      1.2    \-     4.1    0.2    1.6    \-     \-     a
  1804                         Myrtenol                                                 0.1                                       0.3    0.3    0.1    0.9    0.1    0.3    \-     0.1    0.1    \-     \-     \-     \-     1.2    0.2    tr     0.1    0.3    a,b
  1823                         *p*-Mentha-1(7),5-dien-2-ol                              \-                                        \-     \-     0.1    \-     \-     \-     0.3    \-     \-     0.2    0.2    \-     \-     \-     \-     0.1    \-     \-     a
  1823                         Cabreuva oxide-VI                                        \-                                        \-     \-     \-     \-     \-     \-     \-     \-     \-     \-     \-     \-     \-     \-     \-     \-     \-     2.9    a
  1845                         *trans*-Carveol                                          \-                                        \-     tr     \-     \-     \-     \-     \-     \-     \-     \-     \-     \-     \-     0.3    tr     tr     \-     \-     a,b
  1857                         Geraniol                                                 0.2                                       \-     0.1    0.6    \-     0.2    \-     \-     \-     \-     \-     \-     \-     0.2    \-     \-     0.1    \-     0.2    a,b
  1864                         *p*-Cymen-8-ol                                           tr                                        \-     0.1    tr     \-     \-     \-     \-     \-     \-     \-     \-     \-     \-     \-     0.1    tr     tr     0.3    a,b
  1949                         (Z)-3-Hexenyl nonanoate                                                                            \-     \-     \-     \-     \-     \-     \-     \-     \-     \-     \-     \-     \-     0.8    \-     0.1    tr     \-     a
  2001                         Isocaryophyllene oxide                                   0.4                                       0.3    1.8    0.3    0.6    \-     0.6    0.1    \-     \-     0.1    0.6    \-     \-     \-     \-     \-     \-     \-     a
  2008                         Caryophyllene oxide                                      2.6                                       2.1    9.5    2      3      \-     4.7    3      0.9    0.2    0.6    4.4    0.4    \-     1.5    0.5    0.6    tr     3.8    a,b
  2045                         Humulene epoxide-I                                       \-                                        0.1    \-     \-     0.1    \-     \-     4.5    0.1    \-     \-     \-     \-     \-     \-     \-     \-     \-     \-     a
  2050                         (*E*)-Nerolidol                                          18.8                                      \-     19.5   13.7   0.8    6.3    0.5    0.2    \-     \-     0.2    2.1    4.6    1.1    4.6    1.3    0.1    \-     3.6    a,b
  2071                         Humulene epoxide-II                                      0.2                                       0.3    0.7    0.1    1.4    \-     0.3    7.1    0.1    \-     0.2    0.3    \-     \-     \-     tr     \-     \-     0.3    a
  2081                         Humulene epoxide-III                                     \-                                        0.1    \-     \-     0.1    \-     \-     2.4    0.1    \-     \-     \-     \-     \-     \-     \-     \-     \-     \-     a
  2098                         Globulol                                                 \-                                        \-     \-     \-     \-     0.1    \-     \-     \-     \-     \-     \-     \-     \-     0.8    \-     \-     \-     \-     a
  2104                         Viridiflorol                                             \-                                        \-     \-     \-     \-     0.1    \-     \-     \-     \-     \-     \-     \-     \-     0.5    \-     \-     \-     \-     a
  2144                         Spathulenol                                              0.2                                       0.1    \-     \-     \-     1.1    \-     0.3    0.1    \-     0.4    \-     0.8    0.1    3.1    \-     \-     \-     \-     a,b
  2170                         β-Bisabolol                                              \-                                        0.1    \-     \-     \-     \-     \-     \-     0.1    \-     0.3    \-     0.1    \-     \-     0.1    tr     \-     \-     a,b
  2185                         γ-Eudesmol                                               \-                                        \-     \-     \-     \-     \-     \-     0.3    \-     \-     \-     \-     \-     \-     \-     \-     \-     \-     \-     a
  2187                         T-Cadinol                                                \-                                        tr     \-     \-     \-     0.1    \-     \-     \-     \-     0.3    \-     0.1    \-     \-     \-     \-     \-     0.8    a
  2209                         T-Muurolol                                               \-                                        tr     \-     \-     \-     0.1    \-     \-     0.1    \-     0.4    \-     0.1    \-     0.1    \-     tr     \-     1.1    a
  2214                         ar-Turmerol                                              \-                                        \-     \-     \-     \-     \-     \-     \-     \-     \-     \-     \-     \-     \-     0.2    \-     \-     \-     \-     a
  2255                         α-Cadinol                                                \-                                        0.1    \-     \-     \-     0.2    \-     \-     \-     \-     0.9    \-     0.2    \-     0.4    \-     0.1    \-     2.6    a
  2257                         β-Eudesmol                                               \-                                        \-     \-     \-     0.1    \-     \-     0.1    \-     \-     \-     \-     \-     \-     \-     \-     \-     \-     \-     a
  2269                         Guaia-6,10(14)-dien-4β-ol                                0.3                                       0.1    \-     \-     0.2    \-     \-     \-     0.1    0.1    0.2    \-     0.2    \-     \-     \-     tr     0.3    \-     a
  2316                         Caryophylla-2(12),6(13)-dien-5β-ol                       \-                                        \-     \-     \-     \-     \-     \-     0.1    tr     \-     \-     0.1    \-     \-     \-     \-     \-     \-     \-     a
  (= *Caryophylladienol I*)                                                                                                                                                                                                                                     
  2324                         Caryophylla-2(12),6(13)-dien-5α-ol                       \-                                        \-     \-     \-     \-     \-     \-     \-     \-     \-     \-     \-     \-     \-     \-     \-     \-     \-     0.4    a
  (= *Caryophylladienol II*)                                                                                                                                                                                                                                    
  2389                         Caryophylla-2(12),6-dien-5α-ol (= *Caryophyllenol I*)    \-                                        \-     0.2    tr     tr     \-     tr     0.3    \-     \-     \-     \-     \-     \-     \-     \-     \-     \-     0.6    a
  2392                         Caryophylla-2(12),6-dien-5β-ol (= *Caryophyllenol II*)   \-                                        \-     0.2    \-     \-     \-     \-     0.2    tr     \-     \-     \-     \-     \-     \-     \-     \-     \-     0.8    a
  2551                         Geranyl linalool                                         0.3                                              \-     0.1    \-     0.3    0.1    0.1    \-     \-     \-     0.1    0.2    0.1    \-     \-     \-     \-     \-     a
                               Total                                                    97.5                                      97.6   93.4   95.6   96.3   97.6   97.1   97.3   99     98.2   94     94.9   93.5   96.4   88.4   98.4   97.8   97.1   96.6   

**1**: Tai Conch Pink; **2**: *Hedychium thyrsiforme*; **3**: Dave Case; **4**: Pink V; **5**: White Starburst; **6**: *Hedychium elatum*; **7**: Dr Moy; **8**: Pink Sparks; **9**: *Hedychium flavum*; **10**: *Hedychium bousigonianum*; **11**: Tai Monarch; **12**: Tai Empress; **13**: Tai Emperor; **14**: *Hedychium forrestii*; **15***: Hedychium coccineum*; **16**: Kinkaku; **17**: Tai Mammoth; **18**: *Hedychium flavescens*; **19**: Tai Golden Goddess. RRI: Relative retention indices calculated against *n*-alkanes % calculated from FID data; tr = trace (\<0.1%). IM = Identification Method. **a**: comparison of mass spectra with the Wiley and Mass Finder libraries and retention times. **b**: comparison with genuine compounds on the HP Innowax column.

Differences in oil constituents from the same genotype or species are not unusual as chemical composition of these oils can vary depending on factors such as genotype, season, and environment. For example, Zheljazkov *et al.* \[[@B20-molecules-18-04308]\] reported differences in oil constituents of the same cultivars from *Ocimum basillicum* L. and *O. sanctum* L. grown in two different locations and attributed these differences to the different environmental conditions such as temperature, soil characteristics, and production system at the two locations of their study. Furthermore, production of a particular type of oil is highly influenced by the physiology of plant, which undergoes, for example, crucial changes during the transition from the vegetative stage to flowering \[[@B21-molecules-18-04308],[@B22-molecules-18-04308]\]. Botanically, *H. flavum* and *H. flavescens* are very close and often confused \[[@B23-molecules-18-04308]\]. In our experiment, the essential oils from these two species were extracted from plants grown under identical environmental conditions in the same greenhouse, but their major essential oil constituents were quantitatively different, *i.e.*, linalool (35% and 8.9%) and 1,8-cineole (12.9% and 28.3%) for *H. flavescens* and *H. flavum*, respectively. Therefore, determination of *Hedychium* essential oils, in conjunction with morphological and genetic characteristics, could be useful in phylogenetic studies of this genus. For the four remaining species, the dominant constituents were β-pinene for *H. elatum* (25.4%) and *H. forrestii* (14%) and 1,8-cineole for *H. thyrsiforme* (27.4%) and *H. bousigonianum* (39.3%). 1,8-Cineole was the dominant component of the oils in the 12 cultivars studied, with the exception of Tai Monarch and Tai Emperor, for which linalool (19.8%) and α-pinene (16.7%) were the major constituents, respectively. This study is the first report on the composition of the essential oils for the majority of the genotypes as well as their antifungal and insecticidal activities against the fungi *C. acutatum*, *C. fragariae*, *C. gloeosporioides* and the insects *St. pyrioides*, *Ae. aegypti* and *So. invicta.*

2.2. Antifungal Effects of Hedychium Oils
-----------------------------------------

*Hedychium* oils evaluated for antifungal activity against three *Colletotrichum* species, *C. gloeosporioides*, *C. fragariae*, *and C. acutatum* using direct-bioautography assays showed no antifungal activity at 80, 160 and 320 μg/spots.

2.3. Azalea Lace Bug Bioassays
------------------------------

*Hedychium* oil was more lethal to azalea lace bugs than the organophosphate insecticide malathion (Chi-square = 47.17, *p* \< 0.0001). Approximately, 3--10 mg/mL of *Hedychium* oil or a higher concentration of malathion would be required to kill 80% of bugs (Chi-square = 157.83, *p* \< 0.0001) within 5 h of exposure ([Figure 1](#molecules-18-04308-f001){ref-type="fig"}, Chi-square = 117.02, *p* \< 0.0001). The comparison of *Hedychium* and malathion required combining all 17 essential oil sources listed in [Table 2](#molecules-18-04308-t002){ref-type="table"}. Among these, however, eight sources (the first eight listed in [Table 2](#molecules-18-04308-t002){ref-type="table"}) contributed the most to the potency of *Hedychium* oil, at least when individual oil sources were each tested at 10 mg/mL. The genotypes with the most insecticidal activity were *H. forrestii*, Dave Case, *H. elatum*, *H. bousigonianum*, Tai Mammoth, Tai Conch Pink, Dr. Moy, and Kinkaku. The remaining *Hedychium* essential oils were equivalent to malathion in potency. Only Tai Golden Goddess and the DMSO control (emulsion) had significantly lower insecticidal activity than that of malathion ([Table 2](#molecules-18-04308-t002){ref-type="table"}). For practical reasons, we had to combine several sources of *Hedychium* oil to obtain enough compound to test against our industrial standard, malathion. Oils extracted from most *Hedychium* species and cultivars were comparable in potency, which is why we decided to mix them into a single concoction. Numerous sources of wildcrafted biomass would probably have to be combined during the commercial production of a botanical pesticide. Therefore, it seems likely that reliably effective oils from sundry *Hedychium* sources would also be similarly used in formulating a product.

![Percentage mortality for adult azalea lace bugs, *Stephanitis pyrioides* (Scott) after they were exposed for 1, 3, and 5 h to six concentrations of *Hedychium* oil or malathion (0.0, 0.6, 1.3, 2.5, 5.0, and 10.0 mg/mL).](molecules-18-04308-g001){#molecules-18-04308-f001}

molecules-18-04308-t002_Table 2

###### 

Mortality of adult azalea lace bugs, *Stephanitis pyrioides* (Scott), to 17 *Hedychium* essential oil extracts and one commercial insecticide (Malathion).All oils from each species or cultivar were compared at a single concentration of 10 mg·L^−1^.

                              Activity ^a^                      \% mortality                               
  --------------------------- --------------- ----------------- -------------- --------------- ----- ----- ----------
                              Ranking                           Slope          Exposure time               
  Sample oil source           (*p* \< 0.05)   *n* (bioassays)                  1 h             3 h   5 h   *p*
  *Hedychium forrestii*       3               5                 0.26           100             100   100   0.003
  Dave Case                   3               5                 0.25           93              100   100   0.005
  *Hedychium elatum*          3               5                 0.25           93              100   100   0.005
  *Hedychium bousigonianum*   3               5                 0.23           93              93    93    0.010
  Tai Mammoth                 3               5                 0.22           87              93    93    0.012
  Tai Conch pink              3               5                 0.22           86              93    93    0.012
  Dr. Moy                     3               5                 0.21           87              87    93    0.019
  Kinkaku                     3               5                 0.20           80              87    93    0.027
  Tai Monarch                 2               5                 0.16           73              87    93    0.062
  Tai Empress                 2               5                 0.15           60              80    93    0.078
  *Hedychium flavum*          2               5                 0.13           60              80    87    0.127
  Tai Emperor                 2               5                 0.13           73              73    87    0.141
  *Hedychium thysiforme*      2               5                 0.08           54              80    93    0.350
  Pink V                      2               5                 0.05           60              73    87    0.557
  White Starburst             2               5                 −0.02          47              73    87    0.849
  Pink Sparks                 2               5                 −0.03          73              73    93    0.719
  Tai Golden Goddess          1               5                 −0.53          17              42    58    \<0.0001
  Malathion (baseline)        2               12                0.00           47              69    78    \-\--
  DMSO (blank)                0               21                −1.59          1               3     6     \<0.0001
  [OTHER EFFECTS]{.ul}                                                                                     
  exposure time               .                                 4.50           .               .     .     \<0.0001

^a^ Rank indicates level of insecticidal activity relative to the baseline (malathion) at a concentration of 10 mg/mL (*p* \< 0.05); *n* = 2,500 adult lace bugs tested; SEM values for *Hedychium* species and cultivars range from 0.06 to 0.09; SEM for Malathion (baseline) = 0.50.

2.4. Mosquito Repellency Bioassays
----------------------------------

The most potent mosquito repellent oils were obtained from Dave Case (0.129 ± 0.035) mg/cm^2^, followed by Pink V (0.141 ± 0.027) mg/cm^2^, *H. flavescens* (0.164 ± 0.023) mg/cm^2^, *H. thyrsiforme* (0.176 ± 0.073) mg/cm^2^, and Tai Conch Pink (0.187 ± 0.000) mg/cm^2^ ([Table 3](#molecules-18-04308-t003){ref-type="table"}). The least repellent oils were obtained from Tai Emperor where three out of four volunteers passed using the high dose concentration of 0.375 mg/cm^2^, followed by Tai Monarch (0.328 ± 0.047) mg/cm^2^, and *H. forrestii* (0.328 ± 0.047) mg/cm^2^. For Tai Monarch and *H. forrestii*, three of the four volunteers achieved the required repellency threshold at the highest concentration (0.375 mg/cm^2^) but not at the next lower concentration of 0.187 mg/cm^2^. Oils from Pink Sparks, *H. bousigonianum*, *H. coccineum*, and Tai Golden Goddess were not available in sufficient quantity to determine the minimum effective dosage (MED).

molecules-18-04308-t003_Table 3

###### 

Minimum effective dosage (MED) of oils and individual constituents tested against the yellow fever mosquito, *Aedes aegypti* (L.), to 17 essential oil extracts and one commercial repellent (DEET). All oils and compounds were evaluated by four volunteers at the highest concentration available and at serial two-fold dilutions until they failed to repel.

  Essential oil orCompound    MED (±SEM)(mg/cm^2^) ^a,b^   Highest Concentration Available (mg/cm^2^)   Range of Repellency (mg/cm^2^) Notes ^c^
  --------------------------- ---------------------------- -------------------------------------------- ------------------------------------------
  Tai Conch Pink              0.187 (0.000)                0.750                                        0.187--0.187
  *Hedychium* *thyrsiforme*   0.176 (0.073)                0.750                                        0.047--0.375
  Dave Case                   0.129 (0.035)                0.375                                        0.047--0.187
  Pink V                      0.141 (0.027)                0.375                                        0.094--0.187
  White Starburst             0.235 (0.099)                0.375                                        (nr--2) 0.094--0.375
  *Hedychium elatum*          0.235 (0.081)                0.750                                        0.094--0.375
  Dr. Moy                     0.234 (0.047)                0.750                                        0.187--0.375
  *Hedychium flavum*          0.258 (0.070)                0.750                                        0.094--0.375
  Tai Monarch                 0.328 (0.047)                0.375                                        0.187--0.375
  Tai Empress                 0.250 (0.054)                0.375                                        (nr--1) 0.187--0.375
  Tai Emperor                 0.375 (0.000)                0.375                                        (nr--1) 0.375--0.375
  *Hedychium forrestii*       0.328 (0.047)                0.375                                        0.187--0.375
  Kinkaku                     0.281 (0.54)                 0.375                                        0.187--0.375
  Tai Mammoth                 0.281 (0.54)                 0.375                                        0.187--0.375
  *Hedychium flavescens*      0.164 (0.23)                 0.187                                        0.094--0.187
  1,-cineole                  0.500 (0.125)                1.500                                        0.375--0.750
  (−)-β-pinene                0.140 (0.047)                1.500                                        0.047--0.187
  (-)-linalool                0.125 (0.031)                1.500                                        0.094--0.187
  (+)-terpinen-4-ol           0.086 (0.051)                1.500                                        0.023--0.187
  (−)-terpinen-4-ol           0.109 (0.041)                1.500                                        0.047--0.187
  α-terpineol                 0.039 (0.008)                1.500                                        0.023--0.047
  β-bisabolol                 0.035 (0.010)                1.500                                        0.023--0.047
  DEET                        0.006 (0.001)                1.500                                        0.005--0.011

^a^ MED values are reported as the average and standard error of the mean from repellency assays conducted with four volunteers (three male, one female); ^b^ nt indicates for highest dose available indicates that insufficient quantities were available to conduct the repellency assay; ^c^ nr indicates the compound is not repellent at the highest dose tested, the following number indicates the number out of 4 volunteers for which the compound failed to provide repellency at the highest dose.

Some of the major and minor constituents in these oils have also undergone preliminary tests to determine their mosquito repellency ([Table 3](#molecules-18-04308-t003){ref-type="table"}). One of the major constituents (1,8-cineole) was a less potent repellent (0.500 ± 0.125) mg/cm^2^ than all of the oils that demonstrated repellency and, therefore, not likely to factor into the observed repellency of the oils. Another abundant compound, β-pinene had a MED of (0.140 ± 0.047) mg/cm^2^, which is lower than the MED of most of the oils. Therefore, this compound may play a role, ranging from minor to synergistic, in the oil repellency. Clearly other compounds are contributing to the repellency. The (−)-linalool enantiomer was repellent (0.125 ± 0.031) mg/cm^2^, but this is not totally unexpected since it is a known volatile attraction-inhibitor \[[@B24-molecules-18-04308]\], which produces a volatile masking effect unlike that of the topical or contact effect of the well known repellent *N*,*N*-diethyl-3-benzamide (DEET) \[[@B25-molecules-18-04308],[@B26-molecules-18-04308]\]. In these studies, the MED of DEET was (0.006 ± 0.001) mg/cm^2^.

Trace level constituents such as (+)-terpinen-4-ol (0.086 ± 0.051) mg/cm^2^, and (−)-terpinen-4-ol (0.109 ± 0.041) mg/cm^2^ also showed efficacy that indicates that these may be contributors to the repellency of the oils. Interestingly, of the oil constituents that were assayed for repellency, it was some of the least abundant compounds that produced the highest repellency. The compound α-terpineol, present at \<5% and β-bisabolol at \<0.3% were determined to have MEDs of (0.039 ± 0.008) mg/cm^2^ and (0.035 ± 0.010) mg/cm^2^, respectively.

2.5. Mosquito Larvicidal and Adult Topical Bioassays
----------------------------------------------------

In an effort to identify novel classes of plant natural products with activity against *Ae. aegypti*, a high-throughput larval screening method \[[@B27-molecules-18-04308]\] was performed on *Hedychium* essential oils ([Table 4](#molecules-18-04308-t004){ref-type="table"}). Of the tested oils, most gave 100% mortality at 500 and 250 mg/L. *Hedycium* oils from *H. coccineium*, Kinkaku and Tai Golden Goddess were the most active oils at 125 mg/L. Based on the weak activity found in the larval assays, the whole essential oils were not considered suitable for further testing. *H. flavum* was the most active, but there was no adult mortality observed for these oils at the screening rate of 3.125 mg/L per insect. The results described here for *Hedychium* oils indicated that they have low potential as direct acting toxicity for mosquito control.

2.6. Fire Ants
--------------

When an extract or compound had digging suppression index (DSI) greater than zero and *p*-value in paired *t*-test less than 0.05, it was claimed as an ant repellent ([Supplementary Table S1](#app1-molecules-18-04308){ref-type="app"}). *H. thyrsiforme* was demonstrated as a repellent at 100.0 mg/kg. The cultivar Dr. Moy was a repellent at 1.0 and 10.0 mg/kg, but *p*-value at 100 mg/kg for this cultivar was 0.0561, so it failed to be claimed as a repellent. Kinkaku was a repellent at 1.0 mg/kg, but not at 10.0 and 100.0 mg/kg.

When DSI was less than zero and *P*-value less than 0.05, an extract or compound were claimed as an attractant. The cultivar Dave Case was an attractant at 1.0, 10.0 and 100.0 mg/L; Pink V, White Starburst and *H. elatum* at 1.0 and 10.0 mg/kg; *H. flavum* and *H. flavesens* at 100.0 mg/kg; *H. bousigonianum* at 10.0 mg/kg; Tai Empress at 10.0 and 100.0 mg/kg; Tai Emperor, *H. coccineum* at 1.0 mg/kg; *H. forrestii* at 1.0 and 100.0 mg/kg.

molecules-18-04308-t004_Table 4

###### 

Larvicidal activities of *Hedycium* essential oils against first instar larvae of *Aedes aegypti.*

  Sample oil source    Mortality (%)                                     
  -------------------- --------------- ---------- ---------- ----------- ------------
                       500 mg/L        250 mg/L   125 mg/L   62.5 mg/L   31.25 mg/L
  Tai Conch Pink       100             100        0          0           0
  *H. thyrsiforme*     100             100        40         0           0
  Dave Case            100             100        80         0           0
  Pink V               100             100        60         0           0
  White Starburst      100             100        40         0           0
  *H. elatum*          100             100        20         0           0
  Dr. Moy              100             100        40         0           0
  Pink Sparks          100             100        60         0           0
  *H. flavum*          100             100        60         40          0
  *H. bousigonianum*   100             100        60         0           0
  Tai Monarch          100             80         60         0           0
  Tai Empress          100             100        40         0           0
  Tai Emperor          100             100        80         0           0
  *H. forrestii*       100             100        0          0           0
  *H. coccineum*       100             100        100        0           0
  Kinkaku              100             100        100        0           0
  Tai Mammoth          100             100        40         0           0
  *H. flavescens*      100             100        60         0           0
  Tai Golden Goddess   100             100        100        0           0

Repellency of some natural products has been tested against the red imported fire ants, such as mint oil, and water suspensions of pine needle and cedar shaving \[[@B28-molecules-18-04308],[@B29-molecules-18-04308]\]. Callicarpenal and intermedeol, two terpenoids isolated from the leaves of American beautyberry (*Callicarpa americana* L., Verbenaceae) and Japanese beautyberry (*Callicarpa japonica* Thunb.) were found to be repellent against imported fire ants \[[@B30-molecules-18-04308]\]. An over-the-counter essential oil product in China was found to be a repellent against the workers of red imported fire ants \[[@B30-molecules-18-04308]\]. In this study, the cultivar Pink Sparks showed consistent repellency at all three tested concentrations. The cultivar Dr. Moy was a repellent at 1.0 and 10.0 mg/kg, but not at 100 mg/kg. The cultivar Kinkaku was a repellent at 1.0 mg/kg, but not at 10.0 and 100.0 mg/L. It is hard to explain why repellency was reduced in the cultivars Dr. Moy and Kinkaku with the increase of concentration. However, since we were dealing with an extract, multiple compounds exist in the extract. Some compounds may function as repellents and some as attractants. The result of the bioassay was the combined effect of each compound in the extract. If attractants and repellants in the extract have very different effect-dose curves, the observed "peculiar" results are theoretically possible. For example, if repellants in an extract show their effect at all three concentrations (1.0, 10.0, 100.0 mg/kg), but attractants show their effect only at concentrations above 1.0 mg/L (10.0 and 100 mg/kg), in that situation, we may observe repellency only at 1.0 mg/kg, because the repellency at 10.0 and 100.0 mg/kg may be offset by the attractant effect.

In Chen's study \[[@B30-molecules-18-04308]\], 1,8-cineole (eucalyptol) at 10 mg/kg showed significant digging facilitation, indicating it was an attractant at that concentration. In this study, Dave Case, Pink', White Starburst, *H. elatum*, *H. flavum*, *H. bousigonianum*, Tai Empress, Tai Emperor, *H. forrestii*, *H. coccineum*, and *H. flavesens* attracted ants at one or more concentration levels ([Supplementary Table S1](#app1-molecules-18-04308){ref-type="app"}). Since 1,8-cineole was the most prominent compound found in essential components in *Hedychium* oils (0.1%--42%), it might be reason why *Hedychium* extracts attracted red imported fire ants. However, since no information is available about attractiveness of other monoterpenes and sesquiterpenes found in *Hedychium* oils, their contribution to the attractiveness is unknown. This study has demonstrated that natural products may be an excellent source of fire ant attractants.

3. Experimental
===============

3.1. Plant Materials and Isolation of the Essential Oils
--------------------------------------------------------

Plant materials, obtained from the USDA-ARS ornamental breeding program in Poplarville, Mississippi, are listed in [Table 1](#molecules-18-04308-t001){ref-type="table"} and consisted of seven *Hedychium* species, *H. forrestii*, *H. elatum*, *H. bousigonianum*, *H. flavum*, *H. thyrsiforme*, *H. coccineum*, and *H. flavesens* and 12 cultivars, Dave Case, Tai Mammoth, Tai Conch Pink, Dr. Moy, Kinkaku, Tai Monarch, Tai Empress, Tai Emperor, Pink V, White Starburst, Pink Sparks, and Tai Golden Goddess. Most of the species are native to central and southeastern Asia, where they can be found growing in the wild. Voucher specimens of these plants were deposited at the Herbarium of the Faculty of Pharmacy, Anadolu University, Eskisehir, Turkey. Voucher specimen numbers were as follows: Tai Conch Pink (No: 001), *Hedychium thyrsiforme* (No: 002) Dave Case (No: 003), Pink V (No: 004), White Starburst (No: 005), *Hedychium elatum* (No: 006), Dr Moy: (No: 007), Pink Sparks (No: 008), *Hedychium flavum* (No: 009), *Hedychium bousigonianum* (No: 010), Tai Monarch (No: 011), Tai Empress (No: 012), Tai Emperor (No: 013), *Hedychium forrestii* (No: 014), *Hedychium coccineum* (No: 015), Kinkaku (No: 016), Tai Mammoth (No: 017), *Hedychium flavescens* (No: 018), Tai Golden Goddess (No: 019). Essential oils from crushed air-dried *Hedychium* rhizomes were extracted in water using a Clevenger-type distillation apparatus for 3 h. Percentage of oil yield was then calculated on a moisture-free basis (range = 0.08%--0.53%). *Hedychium* essential oils were stored in airtight containers in a refrigerator at 4 °C for subsequent experiments.

3.2. Gas Chromatography Analysis Conditions
-------------------------------------------

Oils were analyzed by GC using a Hewlett Packard (SEM Ltd, Istanbul, Turkey) 6890 system equipped with a Flame Ionization Detector (FID). An HP Innowax FSC column (60 m × 0.25 mm *i.d*., 0.25 µm film thickness) was used with nitrogen at 1 mL/min. Oven temperature was set initially at 60 °C and held for 10 min, ramped to 220 °C at 4 °C/min, and held at 220 °C for 10 min, then ramped to 240 °C at 1 °C/min. The oil was injected at a 20% concentration in *n-*hexane. Injector temperature was set to 250 °C. Percentage composition of individual components was obtained from electronic integration using peak areas from chromatographic data of samples analyzed by Gas Chromatography-Flame Ionization Detection (GC-FID, with the FID set to 250 °C). *n*-Alkanes (C9-C20) were used as reference points in the calculation of retention indices (I) \[[@B31-molecules-18-04308],[@B32-molecules-18-04308]\].

3.3. Gas Chromatography/Mass Spectrometry (GC/MS) Analysis
----------------------------------------------------------

GC/MS analysis was performed with a Hewlett-Packard GCD, system (SEM Ltd, Istanbul, Turkey) and Innowax FSC column (60 m × 0.25 mm, 0.25 µm film thickness) was used with helium as carrier gas. GC oven temperature conditions were identical as described above with split flow adjusted to 50 mL/min and injector temperature set at 250 °C. Mass spectra were recorded with 70 eV electrons. Mass range was *m/z* 35 to 425 at a scan rate of 3.46 scans/s. Identification of essential oil components was carried out by comparison of their relative retention times with those of authentic samples or by comparison of their relative retention index (I) to series of *n*-alkanes. Computer matching against commercial (Wiley, Adams and MassFinder 2.1) \[[@B33-molecules-18-04308],[@B34-molecules-18-04308],[@B35-molecules-18-04308]\] and in-house "Baser Library of Essential Oil Constituents" built up by genuine compounds and components of known oils, as well as MS literature data \[[@B36-molecules-18-04308],[@B37-molecules-18-04308],[@B38-molecules-18-04308]\] were also used for identification.

3.4. Fungal Bioassays against Colletotrichum Species
----------------------------------------------------

The phytopathogens *Colletotrichum acutatum* Simmonds, *C. fragariae* Brooks, and *C. gloeosporioides* (Penz.) Penz & Sacc. in Penz. were used as target species in our antifungal assay using direct bioautography. Isolates of *C. acutatum*, *C. fragariae* and *C. gloeosporioides* were obtained from Barbara J. Smith (Agricultural Research Service, U.S. Department of Agriculture, Poplarville, MS, USA). Pathogen production and bioautography procedures of Wedge *et al.* \[[@B39-molecules-18-04308]\] were used to evaluate antifungal activity against fungal plant pathogens. Sensitivity of each fungal species to each test compound was determined 4 day after treatment by comparing size of inhibitory zones. Means and standard deviations of inhibitory zone size were used to evaluate antifungal activity of fractions and test compounds. Technical grade commercial fungicides benomyl, cyprodinil, azoxystrobin, and captan (Chem Service, Inc. West Chester, PA, USA) were used as fungicide standards at 2 mM in 2 µL of 95% ethanol. Matrix bioautography was used to screen 19 *Hedychium* essential oils multiple times using both dose- and non-dose-response formats. Antifungal activity can be visualized directly on a TLC plate as 'clear zones' free of fungal mycelia, stroma, or condia \[[@B40-molecules-18-04308]\]. Zones with 'diffuse inhibition' are considered 'growth suppressive' in nature and mycelia, stroma or condia growth occurs at a reduced level. Fungal growth inhibition means for *Hedycium* essential oils were analyzed separately by ANOVA using SAS software, Version 8. Mean separations were performed based on Fisher's Protected Least Significant Difference (LSD) (*p* = 0.05). Statistical comparisons were made for fungal growth across compounds and of compound across fungal growth.

3.5. Azalea Lace Bug Bioassays
------------------------------

Azalea lace bugs (*S. pyrioides*) were reared on bouquets of azalea terminals (*Rhododendron* species) kept in plant growth chambers (Percival Scientific, Perry, IA, USA) at 27 °C, 65% RH with a photoperiod of 14 h/light and 10 h/dark. Three adult lace bugs were transferred to each of 5 to 8 wells per treatment in 96-well microtiter plates. Emulsions of malathion (positive control: *n* = 9 replicated trials) and purified essential oils from 12 cultivars and 5 species of *Hedychium* ([Table 2](#molecules-18-04308-t002){ref-type="table"}) were each diluted to 10 mg/mL by adding 9% dimethylsulfoxide (DMSO emulsifier) and 90% de-ionized water. *Hedychium* oils bioactivity was tested 5 times for Tai Conch Pink, Dave Case, Dr. Moy, Tai Emperor, Tai Empress, Tai Golden Goddess, Kinkaku, Tai Mammoth, Tai Monarch, Pink V, Pink Sparks and White Starburst. We also tested oils from 5 *Hedychium* species, *H. bousigonianum*, *H. elatum*, *H. flavum*, *H. forrestii*, and *H. thyrsiforme*. The 10 mg/mL dosage was deemed to be the most effective dosage for quickly killing small insects such as bugs and aphids \[[@B12-molecules-18-04308],[@B13-molecules-18-04308]\]. Trace amounts of pure, undiluted oils from all samples were combined to yield enough *Hedychium* oil for testing at five concentrations: 0.06, 0.13, 0.25, 0.50 and 1.00 mg/mL. Our appropriate baseline control or blank for these trials was a 10% aqueous solution of DMSO. Bioassays followed a randomized complete block design (RCBD), with 20 µL of each oil emulsion and baseline solution being pipetted into plastic wells. At the bottom of each well was an absorbent disc of Whatman no. 2 filter paper, which prevented bugs from drowning in residual fluid. We observed adult bugs under a dissecting microscope at the top of every hour for 5 h at 21 °C, to see if any had died. Between these inspections, we kept bugs at 23 °C in a separate growth chamber. The probit analyses, log~e~-transformations of mortality data, and ANCOVA analyses were similar to those used in previous bioassays \[[@B12-molecules-18-04308],[@B13-molecules-18-04308]\].

3.6. Mosquito Repellent Bioassays
---------------------------------

Mosquitoes used for testing were *Aedes aegypti* (Orlando strain, 1952) from a colony maintained at USDA-ARS-CMAVE in Gainesville, FL. Pupae were removed from the colony and maintained on sugar and water and in laboratory cages at an ambient temperature of 28 ± 1 °C and relative humidity of 35%--60%. Nulliparous mosquitoes were preselected from stock cages using a hand-draw box and trapped in a collection trap \[[@B41-molecules-18-04308]\]. After 500 (±10%) mosquitoes were collected in the trap, they were transferred to a test cage (approximately 59,000 cm^3^ with dimensions 45 cm × 37.5 cm × 35 cm) and allowed to acclimate for 17.5 (±2.5) min before starting a test \[[@B42-molecules-18-04308]\]. Appropriate masses of each candidate repellent were dissolved in 1 mL acteone in a 2-dram vial such that the resulting solution produced a known (mg/cm^2^) application of each compound onto a 50 cm^2^ muslin cloth piece had been inserted into the vial. Vials were sealed and stored at −4 °C until used for the tests, and normally this consisted of \<48 h storage time. Prior to the start of testing, the cloth was removed from the vial and affixed by staples onto two sections of card stock (5 cm × 2.5 cm). Approximately 2 inches of masking tape was affixed to the edges of the card stock. The cloth and card stock were then placed on a drying rack and allowed to dry for at least 3 min prior to testing.

A test assay consisted of protecting the hand of each participant with a powder-free latex glove (Diamond Grip, Microflex Corporation, Reno, NV, USA). The gloved hand and arm were then placed inside a knee-high stocking (Leggs everyday knee highs, Winston-Salem, NC, USA). A plastic sleeve constructed of polyvinyl was then placed over the arm and stocking. The sleeve has a lengthwise Velcro seam to allow sealing over the arm. There was a window cut into the sleeve (4 × 8 cm opening) approximately half way between the wrist and elbow. This window allowed attractive odors from the skin surface to escape from the sleeve through the opening. The opening was covered with the treated cloth. The patch test order was randomized among volunteers and day-to-day.

The arm, sleeve and cloth were inserted into the mosquito cage for a 1 min period to determine if the compound and dosage on cloth were repellent. The number of feeding mosquitoes was determined by giving the arm a brisk shake after 1 min and counting the number of mosquitoes that remained biting through the cloth. This procedure was repeated with lower concentrations of the compound until the cloth failed to prevent a threshold level of bites. The failure point for these experiments was selected to be 5 bites (1% of the cage population biting). During the testing process, no more than 10 treatments were assayed in succession with a caged population of test mosquitoes before allowing a 15 min recovery period. This was necessary because upon repeated repellent exposure, mosquitoes fatigue and exhibit decreased response to attractant (skin) odors.

Four volunteers (three males and one female) participated in the studies of minimum effective dosage (MED) of the oils; three volunteers (all male) tested the single compounds. A series of dosages were used to evaluate the MED \[[@B43-molecules-18-04308]\]. This series was based on mass such that the highest application rate was 1.5 mg/cm^2^ on cloth. The series then consisted of cloth treated at successively lower dilutions: 0.750, 0.375, 0.188, 0.094, 0.047, 0.023, and 0.011 mg/cm^2^. In some cases, there was not enough material to evaluate the higher concentrations; in this case the highest concentration was tested and successively lower concentrations are tested if the compound is found to be repellent. Testing for MED was initiated at the median concentration (typically 0.375 mg/cm^2^) on treated cloth and then by evaluating higher or lower treatment concentrations as necessary until all subjects had evaluated the cloths and pinpointed the concentration that produced the 1% (5 bites) failure point. If the 1.500 mg/cm^2^ (or highest concentration) on cloth was not efficacious (\>5 bites in one minute), then the MED was noted as ineffective at the highest concentration tested. During a test, all volunteers wore a particular patch and tested for 1 min intervals. Patches were rotated among the volunteers, thus, no patch was evaluated beyond 10 min after the 3 min drying period to avoid any bias that may result from evaporative loss of treatment of the cloth during the duration of the test. All subjects provided informed consent and procedures were followed in direct accordance with those approved by the University of Florida Human Use Institutional Review Board-01 (Study \# 636-2005). Essential oil standards (1,8-cineole, (−)-β-pinene, (−)-linalool, (+)-terpinen-4-ol, (−)-terpinen-4-ol, α-terpineol and β-bisabolol) (\>95%) were purchased from Aldrich-Sigma (St. Louis, MO, USA).

3.7. Mosquito Larvicidal Bioassays
----------------------------------

All essential oils were diluted in dimethyl sulfoxide (DMSO) and serial dilutions were performed for each test compound (seven concentrations between 8 and 500 mg/L). Larvae assays were performed in 24-well plates using 5 first instar-larvae in each well. Each well contained 950 μL of water, 40 μL of larvae food solution, and 10 μL of DMSO (control) or 10 μL of serially diluted test samples. Mortality data were recorded twenty-four hours post-exposure \[[@B27-molecules-18-04308]\].

3.8. Mosquito Adult Topical Bioassays
-------------------------------------

To determine the toxicity of each chemical against female *Ae. aegypti*, the compound was serially diluted in acetone and topically applied to individual mosquitoes. Prior to topical application, 5 to 7 day-old females were briefly anaesthetized for 30 s with carbon dioxide and placed on a 4 °C chill table. A droplet of 0.5 μL of chemical solution was applied to the dorsal thorax using a 700 series syringe and a PB600 repeating dispenser. A screening dose of 3.125 mg/L per female was used on 25--30 females. Tests were replicated three times. If no mortality was found at this dose, further testing was not warranted. Control treatments with 0.5 μL of acetone alone gave mortality with less than 10%. After treatment, mosquitoes were kept in plastic cups and supplied with 10% sucrose solution for 24 h before mortality was recorded. Temperature and humidity were maintained at 26 °C and 80% RH, respectively \[[@B44-molecules-18-04308]\].

3.9. Fire Ant Bioassays
-----------------------

Three red imported fire ant colonies were collected on February 26, 2009 in Sharkey County, MS, USA. Colony collection, separation, and maintenance followed the method developed by Banks *et al.* \[[@B45-molecules-18-04308]\] and modified by Chen and Wei \[[@B46-molecules-18-04308]\]. Both distilled water and 10% sugar water solution were provided in separate test tubes (2 × 15 cm). Each test tube was plugged with a cotton ball which served as feeding platform for the fire ants. In addition to 10% sugar water, house cricket, *Acheta domesticus*, was used as a food source. Petri dishes (14.0 cm × 2.0 cm) were used as artificial nests. On the bottom of the nest was 1.0 cm hardened dental plaster (Castone^®^, Dentsply International Inc. York, PA, USA). At the center of the nest was a 5.0-cm diameter brood chamber. There were two 8-mm access holes on the wall of the nest above the dental plaster. The lid of the nest was painted black (1302 Gloss Black Spray Enamel, Louisville, KY, USA) to block the light. All colonies were maintained at 25--30 °C.

The repellency was evaluated using a two-choice digging bioassay \[[@B47-molecules-18-04308]\]. This method was based on the fact that a group of worker ants will always express digging behavior whenever an adequate digging substrate is available. Ants would not dig or would dig less in substrate containing a repellent. So the repellency in this study was defined as a suppression of ant digging behavior. The bioassay apparatus and sample preparation for digging bioassay were described by Chen *et al.* \[[@B48-molecules-18-04308]\]. Briefly, four 2-mL centrifuge tubes were mounted under a 8.7 cm × 2.3 cm Petri dish using glue (Arrow Fastener Co., Inc., Saddle Brook, NJ, USA). Two tubes were filled with sand: one with treated sand and the other with control sand. The other two tubes were merely used to support the Petri dish. Two tubes with sand were 3.0 cm away from each other, located on a straight line that went through the center of the Petri dish, and at equal distance from the center of the Petri dish. There was a 3-mm diameter access hole, which went through the bottom of the Petri dish and the cap of the tube. The inner side of the Petri dish was coated with Fluon. Sand (Premium Play Sand, Plassein International, Longview, TX, USA) was first sieved through a \#35 U.S.A. standard testing sieve (Thomas Scientific, Swedesboro, NJ, USA) and then washed with distilled water and dried at 350 °C for 2 h. The treated sand was prepared by mixing hexane/acetone solution with sand in an aluminum pan under a fume hood. Sand in the control tube was treated only with solvent. After solvent evaporated, distilled water was mixed with the sand to adjust the moisture content of the sand to 8%. In each tube a mean ± SD (2.86 ± 0.08 g) wet sand was added. Twenty fire ant workers were introduced into the center of the Petri dish. The experiment was conducted at room temperature. After 24 h, the sand in each vial was collected, dried at 250 °C for at least 4 h, and weighed. Information on concentrations, number of ant colonies and number of replicates for each bioassay are shown in [Supplementary Table S2](#app1-molecules-18-04308){ref-type="app"}.

For each concentration of extract or compound, digging suppression index (DSI) was calculated using the formula DSI = (A~c~ − A~t~)/(A~c~ + A~t~), where A~c~ and A~t~ are the amounts of sand removed from control tube and treatment tube respectively. For each concentration, a paired *t*-test was used to compare mean amount of removed sand between treatment and control. The paired *t*-test was conducted using the pooled data from 2 to 3 colonies.

4. Conclusions
==============

The present study analyzed the essential oils of 19 *Hedychium* species and cultivars for their chemical compositions. For the most part, this is the first such report on these genotypes. The dominant components of the oils were monoterpenes and sesquiterpenes, especially 1,8-cineole (0.1%--42%), linalool (\<0.1%--56%), α-pinene (3%--17%), β-pinene (4%--31%), and (*E*)-nerolidol (0.1%--20%). Self-sterility is common in *Hedychium* \[[@B49-molecules-18-04308],[@B50-molecules-18-04308],[@B51-molecules-18-04308]\] so species of this genus readily hybridize, thus contributing to the current taxonomic confusion of *Hedychium* \[[@B52-molecules-18-04308]\]. A few studies using molecular markers have been undertaken to determine *Hedychium* phylogeny \[[@B3-molecules-18-04308],[@B52-molecules-18-04308]\]. Furthermore, Cole *et al.* \[[@B53-molecules-18-04308]\] suggested that differences in chemical compositions of essential oils may provide useful characters in understanding phylogenetic relationships in species difficult to classify. Therefore, the results obtained in this study, in conjunction with morphological and genetic characteristics, could helpful in shedding more light on *Hedychium* taxonomy. The examined *Hedychium* essential oils showed significant insecticidal activities against azalea lace bugs and, to a lesser extent, against mosquitoes and fire ants, so these oils can potentially be used as biopesticides. Furthermore, *Hedychium* essential oils were ineffective against the fungi *Colletotrichum gloeosporioides*, *C. fragariae*, and *C. acutatum* in this study, but essential oils from the same plant materials totally inhibited the growth of pre-germinated spores of two other fungi, *Aspergillus flavus* and *Fusarium verticillioides* \[[@B54-molecules-18-04308]\].
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